The core hypothesis underlying pharmacogenetics is that genetic factors play a significant role in the well-recognized differences between individuals in response to medication and susceptibility to adverse effects. If these genetic factors can be identified and understood, they may serve as predictors to guide clinicians in tailoring medication to the individual patient. Recent developments in the field of antipsychotic drug treatment suggest that pharmacogenetics could play an important role, permitting the use of first-generation antipsychotics (FGAs) for patients in whom the use of second-generation antipsychotics (SGAs) is limited by efficacy considerations or adverse effects. In this paper, key issues that need to be taken into consideration in designing and interpreting pharmacogenetic studies of antipsychotic drugs are discussed against the background of data emanating from studies on the genetics of tardive dyskinesia (TD), an important adverse effect of FGAs. The issues considered include the advantages and potential pitfalls of case-control association studies of pharmacogenetic traits, the role of demographic factors such as age and gender, additive effects of genes, and gene-gene and gene-environment interaction. The prospects for implementation of pharmacogenetic testing in the clinic are considered in the context of a preliminary model that has been tested for prediction of susceptibility to TD.
the same time, great progress has been made in developing the information technology that is needed in order to permit efficient access to the vast body of data that is being deposited in electronic databases on a daily basis. Psychiatry is a very important candidate area for the application of pharmacogenetics to clinical practice. 1, 2 Response rates to psychotropic drugs are highly variable, and this includes all the major classes such as antipsychotics, antidepressants, mood stabilizers, and antianxiety agents. In the field of antipsychotics, a major clinical dilemma is beginning to emerge, with growing recognition of the important limitations of the second-generation (SGA) or atypical antipsychotic drugs. Except for clozapine, there is little evidence to indicate that SGAs are more effective than the classical, first-generation antipsychotics (FGAs). This impression has been borne out by the initial results of the Clinical Antipsychotic Trials of Intervention Effectiveness (CATIE) study which showed no therapeutic advantage of the SGAs risperidone, quetiapine, and ziprasidone over the lowpotency FGA, perphenazine. 3 There was a limited advantage of olanzapine, but at the cost of a significantly greater incidence of weight gain and adverse metabolic effects. The advantage of SGAs is thought to lie in their superior side-effect profile, in particular the reduced incidence of extrapyramidal symptoms (EPS) such as dystonia, parkinsonism, and akathisia, and, in the long term, the substantially smaller risk of tardive dyskinesia (TD). However, a recent population-based study suggests that older individuals treated with high-dose SGAs may be at similar risk of EPS to patients treated with FGAs. 4 The current trend in clinical practice is to eliminate FGAs as far as possible, and to employ SGAs as the first-line medication for the treatment of acute schizophrenic psychosis. This trend has not been implemented worldwide because of economic considerations, given the major price differences between SGAs and FGAs, and FGAs are still widely prescribed. The results of recent studies such as CATIE 3 raise the important consideration that FGAs may have a place in the treatment of schizophrenia, subject to appropriate risk-benefit considerations. Predictors of susceptibility to EPS and TD, in the case of the FGAs, and to weight gain and metabolic adverse effects, in the case of SGAs, could radically alter clinical practice, allowing FGAs or SGAs to be prescribed in accordance with the risk profile of the individual patient. The availability of predictors of therapeutic response to FGAs and SGAs would further improve the risk-benefit ratio. Genetic predictors are highly feasible in this context, and are the focus of intensive research in the field of psychiatric pharmacogenetics. Genetic factors that influence drug metabolism (pharmacokinetics) and molecular targets of drug action (pharmacodynamics) may be implicated separately or interactively in the pharmacogenetic profile of a patient in relation to a particular class of drugs. Extensive research is needed in order to identify the genes involved, and the precise variants within these genes that underlie interindividual variability. In the case of pharmacokinetic factors, the underlying genetic cause is often a mutation in a single gene, such as a member of the extended cytochrome P450 family, which is pivotally involved in the metabolism of psychotropic drugs.
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Pharmacodynamic targets include receptors or transporters to which the drugs bind. Variants in these genes are more likely to be of small effect with several different loci being involved, each contributing to the phenotype to a small and variable degree. This type of polygenic effect is difficult to define clinically, and is sensitive to spurious influences. Most of the pharmacogenetic effects that are widely relevant are likely to be polygenic, requiring significant research efforts to generate and replicate data that will ultimately be clinically useful.
In this paper, we will consider key issues that need to be taken into consideration in designing and interpreting pharmacogenetic studies of antipsychotic drugs. Examples will be given from a series of studies that has identified several genes involved in susceptibility to TD in patients treated with FGAs for an extended period.
Case-control association studies in pharmacogenetics: advantages and potential pitfalls
The classical strategies employed in the search for genes that predispose to complex phenotypes are linkage and association. Linkage studies require recruitment of fam-C l i n i c a l r e s e a r c h Figure 1 , 6 which shows the frequency of the gly allele of the dopamine D 3 receptor gene (DRD3) ser9gly polymorphism in samples from several populations. These samples were included in a pooled and meta-analytic study of the DRD3 ser9gly polymorphism as a risk factor for TD. 6 Great variability in the frequency of the 9gly allele in the different samples included in the study is immediately evident, ranging from 30% to 40% among Caucasians from different countries, and reaching 80% among African-Americans. If the association of the DRD3 gly9 allele with TD were tested without controlling for ethnicity in this pooled sample, made up of 317 patients with TD and 463 patients without TD, spurious results could easily arise. Therefore, a stepwise logistic regression was employed so as to allow the confounding effects of ethnicity and also age and gender to be taken into account. TD was significantly associated with DRD3 gly9 allele carrier status (χ 2 =4.46, df=1, P=0.04) over and above the effect of ethnicity. Similar positive effects were observed when controlling for age and gender (χ 2 =5.02, df=1, P=0.02). [6] [7] [8] [9] A meta-analysis was performed, which included all the samples in the pooled analysis, as well as data from additional published studies. The Mantel-Haenszel pooled odds ratio (OR) for DRD3 gly9 allele carrier status increasing susceptibility to TD was 1.33 (95% confidence interval [CI] 1.04-1.70, P=0.02) (Figure 2 ). Meta-analyses are less sensitive to stratification and admixture (unless these are present in the samples included in the meta-analysis), since original data are not pooled and the unit of analysis is studies and not individuals. The findings of our studies of the DRD3 ser9gly polymorphism and TD indicate that, when pooled pharmacogenetic analyses are conducted on well-characterized samples, it is possible to control for the potentially artifactual effects of ethnicity. This is important, because it is essential to gather large samples for pharmacogenetic studies so as to have sufficient statistical power. The same general strategy was implemented to examine the association of the serotonin 5-HT 2A receptor gene and TD, 10 and also to examine association of the 5-HT 2C receptor gene with unipolar and bipolar affective disorder. 11 When using ostensibly homogeneous samples, the genomic control method may be implemented to rule out population influences on the markers being studied. 12 This involves genotyping additional markers that are putatively unrelated to the phenotype, and these are used to determine the degree of stratification that is present in the sample.
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Dialogues in Clinical Neuroscience -Vol 8 . No. 1 . 2006 Figure 1 . Frequency of the gly allele of the dopamine D 3 receptor (DRD3) ser9gly polymorphism in eight samples of different ethnic origin, which were included in a pooled meta-analysis in which association of the DRD3 ser9gly polymorphism with susceptibility to tardive dyskinesia (TD) was examined. 6 The samples from Bonn (n=240), Milan (n=93), Newcastle (n=69), Nithsdale (n=100), and Vienna (n=61) were all made up of Caucasians. The Jerusalem sample (n=113) was made up of subjects of Jewish Ashkenazi (n=66) or non-Ashkenazi (n=47) origin. There was no difference in gly allele frequency between the Ashkenazi and non-Ashkenazi subjects. USCauc, Caucasian subjects recruited in the US (n=81); US-AA, US African-Americans (n=23). 
Demography matters: age-related effects of genetic variants
It is often not taken into account that genetic variants may have differing functional importance depending on the stage of the life cycle. This is obvious in the case of genes that predispose to disorders of later life such as Alzheimer's disease (although the pathophysiological effects of variations in these genes may be manifested long before the clinical threshold is crossed). Similarly, genes that influence neurodevelopment in utero may be associated with susceptibility to schizophrenia that only becomes clinically manifest in late adolescence. Agerelatedness may also be important in pharmacogenetic phenotypes. We have observed an age-related association of two serotonergic genes, the 5-HT 2C (HTR2C) and the 5-HT 2A receptor (HTR2A) with susceptibility to TD. 13 Our finding with the 5-HT 2A receptor has been replicated in a large multicenter study. 10 In an earlier report 13 ( Figure 3 ), we showed that scores on the Abnormal Involuntary Movements Scale (AIMS, the hallmark of TD) were significantly related to the ser23 allele of the cys23ser polymorphism of the 5-HT 2C receptor gene and to the 102C allele of the T102C polymorphism in the 5-HT 2A receptor gene, in older but not younger patients. We sought to replicate this finding the context of a multicenter study involving 635 patients, 256 of whom manifested TD and 379 of whom did not. 10 Our initial analysis employed stepwise logistic regression as for our DRD3 study 6 and showed an overall association of the T102C polymorphism in the 5-HT 1A receptor gene with TD. We then analyzed the younger and older patients separately. In keeping with our finding in the Jerusalem sample alone, 13 the T102C polymorphism was significantly associated with TD in the older patients only (Figure 4 ). (the African-American group was excluded because of skewed distribution) and three other published studies. These replicated findings accentuate the importance of taking into account the possibility that pharmacogenetic effects may be age-related. Thus, an association first reported in an older sample may be missed if replication is sought in a younger sample. This was the case with our initial report of an association of the T102C polymorphism in the 5-HT 2A receptor gene with TD, 14 which was initially not replicated by Basile et al 15 who studied a sample more than two decades younger than ours. The age range of the pooled sample studied by Lerer et al 7 was wide enough to allow replication of the finding in the older subjects.
Additive and interactive effects of genes
Pharmacogenetic phenotypes (such as treatment outcome, onset of therapeutic effect, rapidity of response, and adverse effects) are complex traits to which background and demographic factors contribute, as well as factors related to the treatment. The genetic background is likely to be polygenic, with an as-yet unknown number of genes contributing a small proportion of the variance. These genes can be expected to act in different ways. One model is additive, the assumption being that each gene contributes cumulatively to the phenotype, and that the overall risk is a sum of these individual contributions. A second, more complex model postulates that the effects of certain genes are conditional on others, implying gene-gene interaction or epistasis. Under this model, a specific allele of gene A will confer an effect in the presence of a specific allele of gene B, but will not confer susceptibility in its absence. The situation is rendered more complex by the possibility that haplotypes made up of two or more variants may contribute additively or interactively to susceptibility. In addition, gene-environment interaction must also be taken into account. These considerations are applicable to TD, which is a complex trait related to drug treatment, to which several demographic and background factors contribute, most notably age, and with which several genes have been associated. As yet, there has been relatively little work in psychiatric pharmacogenetics on the combined effects of genes and on gene-gene interaction. These models have been tested on a limited basis in the context of susceptibility to TD in samples that we and other investigators have studied; the scope of such testing is constrained by the size of the samples. The additive effects of two genetic variants on susceptibility to TD were first reported by Segman et al. 16 Patients who carried both the gly9 allele of the DRD3 ser9gly polymorphism and the ser23 allele of the 5-HT2C cys23ser polymorphism showed evidence of an additive effect of the two risk alleles, both of which had been shown to separately increase risk for TD. As shown in Figure 5 , 16 the highest AIMS orofacial dyskinesia scores were observed in patients who carried both mutant risk alleles. Studying gene-gene interaction and risk for TD, Segman et al 17 examined the interactive contribution of a T→C polymorphism in the promoter region of the cytochrome P450 17α-hydroxylase gene (CYP17) and the ser9gly polymorphism of DRD3 that was previously shown to be associated with TD. CYP17 variability could influence susceptibility to TD because of effects on neuroprotective capacity or dopamine output through its role in the conversion of the neurosteroid, pregnanolone, to dehydroepiandrosterone (DHEA). A T→C transition (A2 allele) in the 5' promoter region of the CYP17 gene creates an additional Sp1 type (CCACC box) promoter site, resulting in a functionally relevant increase in transcription rate. 18 Segman et al 17 found that the T→C polymorphism was not in itself associated with TD. However, there was a significant excess of DRD3 gly allele carriers among carriers of the CYP17 CC genotype with TD compared with those without TD (75.0% vs 14.3%; χ 2 =6.0, df=1, P=0.01). Significant differences were not observed among carriers of the CYP17 TT genotype or CYP17 TC genotypes with TD and carriers of these genotypes without TD. Two way analysis of variance (ANOVA) with age at first antipsychotic treatment as covariate showed a significant main effect of DRD3 genotype on AIMS total score (F=14.9, df=1, 106, P=0.0002). There was no main effect of CYP17 genotype on the AIMS score. There was a significant interaction between DRD3 and CYP17 genotype on AIMS total score (F=4.2, df=2, 106, P=0.02). Figure 6 shows adjusted mean AIMS scores (derived from analysis of covariance [ANCOVA]) for the patients grouped according to DRD3 and CYP17 genotype. Posthoc Newman-Keuls tests showed that the highest AIMS total (P<0.03) was in patients carrying the DRD3 gly9 allele and the CYP17 CC genotype. Another gene-gene interaction reported in relation to TD involved DRD3 and cytochrome P450 1A2 C l i n i c a l r e s e a r c h (CYP1A2). Both genes had been found to be independently associated with schizophrenia. 19 Basile et al 19 further found that those patients who exhibited the risk genotype at both DRD3 (gly9/gly9) and at CYP1A2 (CC) had the most severe TD, whereas those who had only one risk genotype (gly9/gly9 or CC) demonstrated intermediate severity of TD. Those patients who did not have any risk genotypes at either locus demonstrated the lowest mean TD severity scores on the AIMS scale (P<0.00007). A more recent report of gene-gene interaction conferring susceptibility to TD concerns the functional ala9val polymorphism in exon 2 of the magnesium superoxide dismutase gene (MnSOD). MnSOD is one of three isoforms of superoxide dismutase (SOD) that are important as antioxidants in protecting cells from the deleterious effects of free radicals. The ala9 variant is associated with less efficient functional activity of the enzyme. Hori et al 20 found a small but significant increase in the wild type val allele in Japanese schizophrenia patients with TD, suggesting that the ala allele may be protective against free radical damage in TD. This finding was not replicated by Zhang et al 21 in Chinese schizophrenia patients with TD. However, in a subsequent report Zhang et al 22 found that the val-val genotype was in fact associated with TD, but only in those patients who were carriers of the gly allele of the DRD3 ser9gly polymorphism. We examined association of the ala9val polymorphism of MnSOD with TD in Israeli schizophrenia patients and also tested for an interaction between this polymorphism and the DRD3 ser9gly polymorphism (Segman et al, unpublished data). Patients were grouped according to whether they were carriers of the ala allele of MnSOD, the gly allele of DRD3, both, or neither. This grouping takes into account an effect of DRD3 gly to increase susceptibility and a protective effect of MnSOD ala and anticipates that patients carrying DRD3 gly and lacking MnSOD ala will be most susceptible to TD and will have the most severe abnormal involuntary movements. This is indeed the case. The MnSOD-val DRD3-gly genotype combination was the most frequent among patients with TD (64%) and the MnSOD-ala DRD3-ser genotype (24%) was the least frequent. Among patients without TD the pattern was reversed. The most frequent genotype combination was MnSOD-ala\ DRD3-ser (76%) and the least frequent combination was MnSOD-val DRD3-gly (38%, χ 2 =10.5, df=3, P=0.01). 
Prospects for pharmacogenetic testing in the clinic
The aim of pharmacogenetic research is to develop clinically useful tests that will allow potential responders to a particular psychotropic agent to be identified prospectively, as well as those individuals likely to develop adverse effects. This is not an easy task in the case of psychotropic drugs. Some of the reasons for this difficulty are applicable to drugs used to treat other complex disorders; others are specific to psychotropic agents. Several have been discussed in this paper. The polygenic basis of pharmacogenetic traits is an issue of major importance. For most traits it is unclear how many genes are involved, and genes that have been implicated thus far in well-studied phenotypes such as TD are of small effect. The OR observed rarely exceed 2.0, and for the most part are less than 1.5. It requires large samples to explore such small gene effects in the definitive fashion required for their inclusion in a pharmacogenetic test. Large samples are also needed in order to tease apart gene-gene and gene-environment interactions. Recruitment of large samples inevitably increases the likelihood of stratification, which can lead to spurious results and must be taken into account. A further consideration is that background and demographic variables must be considered (as pointed out in this paper for C l i n i c a l r e s e a r c h 92 
